L-alanyl-L-glutamine (DIP), L-glutamine and L-alanine in their free form (GLN+ALA) or free Lalanine (ALA). All trained animals were submitted to a six-week ladder climbing protocol.
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L-glutamine and L-alanine supplementation increase glutamine-GSH axis and muscle HSP-27
in rats trained using a progressive high-intensity resistance exercise. 
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ABSTRACT:
In this study we investigated the chronic effects of oral L-glutamine and L-alanine supplementation, either in their free or dipeptide form, on glutamine-GSH (GLN-GSH) axis and cytoprotection mediated by HSP-27 in rats submitted to resistance exercise (RE). Forty Wistar rats were distributed into five groups: sedentary (SED), trained (CTRL), and trained supplemented with D r a f t
INTRODUTION
There is a growing evidence supporting the role of amino acids to counteract the changes in the redox status of the cell and inflammation induced by various catabolic situations, including heavy aerobic exercises (Newsholme et al. 2011; Cruzat et al. 2014a; Reidy et al. 2016) . Lglutamine is the most abundant amino acid in the body, and studies have shown that its availability is critical to the glutathione (GSH)-mediated antioxidant defense (Valencia et al. 2002; Rutten et al. 2005; Newsholme et al. 2011) . GSH (L-γ-glutamyl-L-cysteinyl-glycine) is quantitatively the most important non-enzymatic antioxidant and scavenger, providing protection against oxidative stress (Diaz-Vivancos et al. 2015) , cell damage and inflammation (Cruzat et al. 2009; Cruzat et al. 2010 ).
Furthermore, L-glutamine is an important activator of the heat shock protein (HSP) response through heat shock factor 1 (HSF-1) (Xue et al. 2012) . HSPs are a family of polypeptides that interact with unfolded proteins and/or stress-denatured conformations triggered by various stress conditions (Morimoto et al. 1998; Heck et al. 2011) . Specifically, the small 27 kDa HSP is involved in a wide range of cellular processes and thought to bind directly to certain structural proteins in the sarcomeres, protecting against denaturation (Wettstein et al. 2012 ).
During catabolic situations, such as periods of heavy aerobic exercise, infection and acute inflammation, glutamine availability is compromised. In order to improve glutamine "status'', several studies have attempted to employ dietary L-glutamine supplementations with various results (Castell et al. 1997; Bassini-Cameron et al. 2008 ). L-glutamine dipeptides, such as L-alanyl-Lglutamine (DIP) have been shown to restore glutamine stocks under catabolic situations. However, previous studies have demonstrated that chronic supplementation with free forms of both Lglutamine and L-alanine can provide similar effects when compared to the DIP, in particular promoting antioxidant and cytoprotective effects in aerobic exercised rats (Cruzat et al. 2014b; Petry et al. 2014) . D r a f t 4 More recently, the practice of resistance exercise (RE) has gained popularity and is being used as a preferred method of exercise to increase physical fitness, muscular resistance, force production and to improve performance (Jin et al. 2015) . One of the main mechanisms induced by exercise that can promote health benefits, is the generation of reactive oxygen (ROS) and nitrogen (RNS) species (Radak et al. 2013) . However, in highly trained athletes the balance between ROS/RNS and the intracellular antioxidant defences is tenuous. Athletes may not achieve the same benefits from RE training as more strenuous exercise sessions promote chronic oxidative stress (Tanskanen et al. 2010) , inflammation, muscle fatigue, pain (Kreher et al. 2012 ) and damage (Turner et al. 2011; Rech et al. 2014) . Therefore in this study we submitted rats to a high-intensity resistance exercise protocol, in conjunction with oral supplementation using L-glutamine and Lalanine, in either their free or DIP form, and investigated the GLN-GSH axis and HSP-27 mediated cytoprotection.
MATERIALS AND METHODS

Animals
Eight-week-old male Wistar rats, obtained from the animal house of the Faculty of Pharmaceutical Sciences at the University of São Paulo, were used for the experimental procedures.
Animals were maintained in individual cages within a controlled environment at a temperature of 22 ± 2°C and relative air humidity of 60 ± 10%, under a 12-h light/12-h dark cycle (lights off from 2:00 am to 2:00 pm). All animals subjected to the experimental training were allowed to adapt to the conditions for two weeks before beginning the 6-week RE protocol. Throughout the experimental period, all animals had free access to water and an ad libitum diet with standard laboratory rat chow (Nuvilab Cr1, Nuvital, Curitiba, Brazil) , containing 22% of total protein/kg.
During all experimental procedures, the weight and food intake were monitored three times per D r a f t 5 week and fluid intake was measured daily. Animals were distributed into four trained (n = 8 per group) and one sedentary group (n = 8 per group) of similar mean body weight (266 ± 4g for all groups) one day prior to the RE period. The Ethics Committee for Animal Experimentation of the Faculty of Pharmaceutical Sciences, University of São Paulo, approved all procedures according to the guidelines of the Brazilian College of Animal Experimentation (protocol number:
CEUA/FCF/374).
RE training protocol and maximum carrying capacity (MCC) test
The RE training protocol was adapted from (Scheffer et al. 2012) , originally published by Hornberger et al. (2004) . In each RE session animals climbed a ladder (1.1 x 0.18 m, 30.2-cm-high steps, 80° slope) and performed from 3 to 6 sets (8-10 repetitions) of exercise, every 48 hours carrying a load of % body weight (25, 50, 75, 100% of body weight) that progressively increased over a 6-week period (see schematic Figure 1 ). Each exercise session lasted approximately 40 minutes and animals had a 2-minute break between exercise sets. The load in the apparatus was secured to the base of the rats tail using plastic insulation tape. A repetition was considered successful when the animal was able to climb from the bottom to the top of the ladder. All selected animals were subjected to an adaptation period, where they climbed the ladder without weights for two weeks (1 set/8-10 repetitions) prior to commencing the 6-week RE training protocol.
The maximum carrying capacity (MCC) was used to evaluate training progression, a test originally described by Hornberger and Farrar (2004) . Briefly, the test protocol consisted of a ladder climb with an initial load of 75% of body weight, plus an additional 30g load on each climb until exhaustion. There was a 2-minute rest between sets. MCC tests were carried out twice before the supplementation period (MCC1, MCC2), and also at the end of the training protocol (MCC3, see schematic Figure 1 ).
Supplementation and experimental groups
Animals were supplemented chronically for a total period of 21 days (Cruzat et al. 2010; Petry, Cruzat et al. 2014) with L-alanyl-L-glutamine (DIP group), L-glutamine plus L-alanine in their free amino acid form (GLN+ALA group), or with free L-alanine (ALA group) from week 5 through to the conclusion of the experiment at week 8. DIP was manufactured by Fresenius Kabi S.A, Bad Homburg, HE, Germany, kindly provided by Fórmula Medicinal Ltd, São Paulo, SP, Brazil. The free amino acids L-glutamine and L-alanine were manufactured by Labsynth, Synth, São Paulo, SP, Brazil. The total amount of free amino acids offered to the GLN+ALA and ALA groups was the same as in the DIP group. All supplements were dissolved daily into fresh drinking water forming a 4% solution (Prada et al. 2007 ). The rationale for the supplementation protocol was to increase the frequency of amino acids intake throughout the day, and avoid the stress promoted by other methods, such as gavage. Sedentary (SED) and trained control (CTRL) groups had free access to the same amount of fluid, which contained fresh water only.
Biochemical analysis
During the RE training protocol, in the third exercise session of each 25, 50, 75 and 100% weight bearing load, blood lactate was collected in heparinized tubes and analysed with a YSI 1500 sport lactometer (Yellow Spring Instruments, OH, USA). The results were calculated in delta lactate per group (final lactate subtracted from the resting values). For all groups, access to food and fluids ceased one hour before the last exercise session, and animals were euthanized by decapitation one hour post exercise. These timeframes were chosen in order to eliminate results that reflect an acute single dose effect from the amino acids supplementation. This is based on the fact that plasma glutamine concentration peaks 0.5 hours after oral ingestion of L-glutamine and returns to baseline levels in less than 2 hours (Rogero et al. 2004; Harris et al. 2012) . Once euthanized blood was D r a f t 7 collected in heparin tubes and centrifuged (2000xg at 4ºC) for 15 min. Plasma was then collected and stored at -80°C for subsequent determination of glutamine, glutamate and myoglobin (MYO) concentrations, as well as creatine kinase (CK) activity. The Tibialis anterior skeletal muscle was surgically excised and immediately frozen in liquid nitrogen for subsequent determination of glutamine, glutamate, protein, GSH and GSSG (glutathione disulfide), and gene expression.
Glutamine and glutamate concentrations were determined spectrophotometrically using a commercial kit (GLN1, Sigma-Aldrich, St. Louis, MO, USA), and the absorbance was measured at a wavelength of 340 nm using a standard microplate reader (Synergy H1 Hybrid wavelength, Biotek, Winooski, VT, USA). Measurement of plasma MYO was performed using a myoglobin enzyme immunoassay test kit (MP Biomedicals, Burlingame, CA, USA), at an absorbance wavelength of 450 nm. Total plasma creatine kinase (CK) activity was determined using a commercial kit CK-NAC (Labtest Brasil, Lagoa Santa, Brazil), measured at a wavelength of 340 nm.
Indicative parameters of oxidative stress
The 2GSH/GSSG redox couple is critical in the regulation of oxidation-reduction reactions in cells and to maintain cellular redox homeostasis against oxidative challenges. An increase in GSSG over GSH (GSSG/GSH ratio) is a marker of oxidative stress. Erythrocyte redox state is used to infer a systemic GSSG-to-GSH ratio, as these cells are exposed to ROS encountered in the circulation (Raftos et al. 2010 ). After sacrifice, peripheral blood was collected and erythrocytes fractionated before being washed once with cold PBS (1900×g for 20 min at 4°C). The erythrocyte pellet was re-suspended in 1 mL of PBS and disrupted in 5 mL of ice cold 5% (w/v) of metaphosphoric acid (MPA) followed by homogenisation using a vortex. The erythrocyte samples were then diluted (1:8 by volume) with 5% MPA at 4°C and centrifuged for 5 min (15000×g at D r a f t 8 4°C). The supernatant fraction produced was used for GSSG and reduced GSH (GSH Total -2
[GSSG]) determination.
GSH and GSSG concentration in both erythrocytes and skeletal muscles were assayed according to the method described by Akerboom et al. (1981) . Briefly, the method is based on the modification of the 5,5'-dithiobis (2-nitrobenzoic acid, Sigma-Aldrich Chemical) [DTNB]/GSSG reductase (Sigma-Aldrich Chemical) recycling method, using the N-ethylmaleimide (Sigma-Aldrich Chemical) conjugating technique for GSSG sample preparation. Samples (10 µl), for both GSH and GSSG determinations were assayed in 96-well polystyrene plates (Corning) at 37ºC in the presence of 10 mM DTNB, 0.17 mM β-NADPH (Sigma-Aldrich Chemical, St. Louis, MO, USA, dissolved in 0.5% [w/v] NaHCO3 as a stabilizing agent) and 0.5 U/mL GSSG reductase (EC 1.6.4.2, SigmaAldrich Chemical), at a wavelength of 415 nm, according to the method described by Silveira et al. (2007) .
The thiobarbituric acid-reactive substances (TBARS) assay is a general screening method commonly used to measure lipid peroxidation. TBARS was measured in tissue samples of Tibialis anterior skeletal muscle by recording the amount of malondialdehyde (MDA) generated from lipid hydroperoxides in the tissue. As previously described by Draper et al. (1990) , measurements were made in 96-well polystyrene plates at a wavelength of 535 nm, using a standard microplate reader.
Molecular analysis of HSP response and glutamine synthetase
HSF-1, HSP-27 and glutamine synthetase (GS) expression was assayed using 100 mg of Tibialis anterior skeletal muscle tissue, homogenised in ice cold 2% RIPA lysis buffer with protease and phosphatase inhibitors (Cell Signaling Technology, Danvers, MA, USA). Samples were centrifuged at 14000×g for 15 min at 4 ºC, in order to remove insoluble materials. The final sample lysates were then stored at -80ºC. Protein extracts were measured using a BCA Protein D r a f t 9 Assay Kit (Thermo Scientific, Waltham, MA, USA) and performed in 96-well polystyrene plates at a wavelength of 562 nm, in a standard microplate reader.
Equal amounts of protein were combined with sample buffer: 240 mM Tris (pH 6.8), 40% Glycerol, 0.8% SDS, 200 mM beta-mercaptoethanol, as a reducing agent and 0.02% of bromophenol blue. Proteins (40µg) were subjected to SDS-PAGE and transferred to nitrocellulose membrane. For immunodetection protocols, membranes were probed with anti-HSF-1 (Cell Signaling Technology, USA 1:1000), anti-HSP-27 (Cell Signaling Technology,USA 1:1000), anti-GS (Santa Cruz, Dallas, USA, 1:500) and anti-β-actin (Sigma-Aldrich, 1:40000), using the vacuumfiltration method SNAP i.d. System (EMD Millipore, Billerica, MA, USA). Anti-rabbit IgG (Cell Signaling Technology, USA, 1:1000) was used as the secondary antibody. Membranes were visualized with ECL Plus reagents (GE HealthCare, Freiburg, BW, Germany) in the ImageQuant 350 chemiluminescence system (GE HealthCare).
Statistical analysis
To identify statistical differences between groups data was subjected to one-way ANOVA with Tukey HSD (Honestly Significant Differences) as a post-hoc test (p<0.05). All statistical calculations and graphics were performed using GraphPad Prism 5.0 for Windows (La Jolla, CA, USA).
RESULTS
Total weight gain, food and fluid intake
As depicted in Table 1 , the RE training protocol resulted in trained CTRL animals exhibiting lower body weight and food intake, when compared to SED animals (p<0.05). This outcome was expected due to the well-known effects of catabolic hormones, such as corticosterone and D r a f t adrenocorticotropic hormone (ACTH) (Rivest et al. 1990) . No significant changes in weight or food intake were detected due the nutritional supplementation. However, we discovered that supplemented groups (ALA, GLN+ALA and DIP) exhibited high fluid consumption (by near 45%), when compared to the CTRL group (p<0.05, Table 1 ). Therefore, all groups receiving the nutritional supplementation ingested approximately 6.5 g/kg body weight of amino acids per day.
MCC test
In the MCC 1, all trained groups showed a similar weightlifting capacity (Figure 2 ). In the MCC 2 the weightlifting capacity increased significantly (by nearly 50%) for all trained groups, when compared to the MCC 1. In the MCC 3, an increased weightlifting capacity was still observed, when compared to the MCC 2 (p<0.05), however this increase observed for all groups was less than 25% (Figure 2) , as the animals were reaching the maximum intensity stage of the RE protocol (Figure 1 ).
Blood lactate levels
The level of lactate found in the blood is a well-known biomarker of exercise intensity and muscle fatigue deriving from ATP metabolism (Finsterer 2012) . In order to evaluate the intensity of exercise, lactate was measured during the RE training protocol when animals were carrying 25%, 50%, 75% and 100% of their body weight load. As depicted in Figure 3 , the CTRL group strongly increased delta lactate at maximum load (i.e. 100%), when compared to 25%, 50% and 75% loads (p<0.05). Interestingly, L-glutamine containing supplements exhibited lower levels of lactate at 100% load, when compared to the controls (p<0.05, Figure 3 ).
Plasma parameters
The plasma biomarkers of cell leakage/muscle damage, CK and MYO, increased (by 65% and 70%, respectively) in the trained controls, when compared to the SED group, which indicates a stress effect promoted by the RE training (p<0.05, Table 2 ). However, lower levels of CK were observed in the GLN+ALA and DIP groups (p<0.05), with no change in the MYO concentration.
The supplemented groups also exhibited high levels of plasma glutamine (by 37%, 50% and 56% in ALA, GLN+ALA and DIP groups, respectively), when compared to the trained controls. Plasma glutamate levels were not affected by the nutritional interventions, however the rate between glutamine and glutamate (GLN/GLU rate) was higher in the GLN+ALA and DIP groups, when compared to the controls.
Erythrocyte redox state
The red blood cell contributes up to 10% of whole-body GSH synthesis and constitutes the most abundant thiol group in erythrocytes. Since circulating erythrocytes are in equilibrium with whole-body tissue redox status, measuring GSH and its conversion into oxidised GSSG can be used to assess overall oxidative stress in the organism (Silveira et al. 2007; Morris et al. 2008 ). Our results showed that RE training reduced GSH availability (by 27%) and increased GSSG formation (by 36%), which consequently raised the GSSG/GSH ratio in the trained controls (by 48%), when compared to sedentary animals. In contrast, supplements containing L-glutamine reversed this scenario by increasing GSH (about 45%) and reducing the GSSG/GSH ratio (about 55%) in GLN+ALA and DIP groups (p<0.05). Interestingly, GSSG/GSH ratio was higher in the ALA group, when compared to the GLN+ALA and DIP groups (p<0.05 Table 2 ). These results reinforce the important role of L-glutamine in the supplements and its ability to directly impact on GSH levels.
Glutamine-GSH axis and the redox state in Tibialis anterior skeletal muscle
D r a f t
Under stressful situations there is a heightened catabolism of amino acids, including glutamine catabolism in tissues, particularly in the active skeletal muscles. As depicted in Table 3, the Tibialis anterior skeletal muscle in the CTRL group exhibited lower glutamine concentration, when compared to sedentary animals (p<0.05). However both supplements containing L-glutamine reverted this situation. In the GLN+ALA and DIP groups, glutamine concentration in skeletal muscle increased by three-fold (p<0.05) and the GLN/GLU rate was enhanced (by near 41% in both groups, p<0.05, Table 3 ). Interestingly, these effects were observed without any significant changes in the expression of GS ( Figure 4B ).
When assessing the GSH content in muscles, we found that the GLN+ALA group exhibited higher levels (by 50%), when compared to the trained controls. Although no difference was observed in the animals supplemented with DIP, both groups receiving L-glutamine supplementation showed a lower GSSG/GSH ratio, which led to the notion that there was a reduced intracellular "voltage" (redox status) in the studied muscle (p<0.05). In fact, TBARS were higher in the CTRL group when compared SED, however supplements containing L-glutamine attenuated this effect when compared to the controls (p<0.05, Table 3 ). These results suggest that L-glutamine can enhance GSH synthesis over GSH disulfide (i.e. GSSG) formation during periods of oxidative stress, imposed by RE training.
Immunoblotting of HSF-1 and HSP-27
In Tibialis anterior skeletal muscle, the expression of HSF-1 was significantly enhanced (2-fold increase) in all the supplemented groups, when compared to the trained controls (p<0.05, Figure 4A ). HSP-27 was also strongly elevated (2-fold increase) in all animals receiving ALA, GLN+ALA and DIP supplements (p<0.05, Figure 4C ). This result suggests that HSF-1 is activating the HSP response.
D r a f t
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DISCUSSION
The main goal of the present study was to investigate the antioxidant and cytoprotective properties of the conditionally essential amino acid L-glutamine in rats trained using a progressive high-intensity RE protocol. As glutamine is the most abundant amino acid in the body, a dramatic fall in its concentration could compromise cell maintenance and function. The results presented herein demonstrate that L-glutamine containing supplements (both free and DIP) increased glutamine levels in plasma and reverted the low glutamine concentration in Tibialis skeletal muscle (Table 3) induced by six weeks of high-intensity RE training.
In RE training, ROS/RNS are produced through diverse mechanisms, such as the xanthine and NADP(H) oxidase system, ischemia-reperfusion, prostanoid metabolism and also phagocytic respiratory bursts Goldfarb et al. 2005) . Although ROS/RNS stimulate important exercise-induced adaptions of the antioxidant and repair systems (Merry et al. 2015) , data suggests that an accumulation of intense or exhaustive periods of RE (most common in athletes of weightlifting and body builders) can promote an overproduction of ROS/RNS and provoke an increase in oxidative stress (Tanskanen, et al. 2010; Kreher and Schwartz 2012; Dos Santos et al. 2014) . In humans, RE with submaximal intensity caused an excess of physical and oxidative stress, as well as post-exercise immunosuppression (Cakir-Atabek et al. 2015) . Jin, Paik et al. (2015) showed that RE training, especially at submaximal and maximal intensities induced high levels of hydroperoxides, carbonylated proteins and lactate in trained men. Consistent with previous studies our results show that high intensity RE training also increases biomarkers of oxidative stress in rats, demonstrated by an increase in both TBARS and the rate of GSSG/GSH in rat skeletal muscle (Table 3) of CTRL animals. TBARS is a well-known biomarker of lipid peroxidation, one aspect of oxidative stress, and it should be noted that thiobarbituric acid substances can also react with other D r a f t 14 compounds (Finaud et al. 2006 ). Parameters such as TBARS, carbonylated proteins and also GSSG to GSH metabolism are advantageous and practical to obtain an estimate of the severity and progression of interventions, but they lack specificity and selectivity (Margaritelis et al. 2016 ).
Future studies are currently underway in our laboratory to confirm these results.
L-glutamine containing supplements reduced the GSSG/GSH rate in skeletal muscle (Table   3 ), which suggests that these nutritional interventions were able to maintain the redox equilibrium in a more reduced state. This is possibly because L-glutamine is an essential donor of glutamate for the biosynthesis of GSH tripeptide (gamma-glutamyl-cysteinyl-glycine). In addition L-glutamine donates glutamate for the recycling of GSSG to de novo synthesis of GSH, through the GSH reductase (GSR), using the NADP/NADP(H) system as an electron donor (Rutten et al. 2005) . In fact, under stress situations, mitochondrial L-glutamine metabolism is diverted to the cytosol in order to provide GSH-based cellular defences and to remove ROS/RNS, thus maintaining thermodynamic equilibrium and a redox potential against oxidative stress. Interestingly, the antioxidant effects of L-glutamine were also observed in erythrocytes (Table 2) , which is in accordance with other studies in septic mice (Cruzat et al. 2014b) . Erythrocytes are particularly dependent on plasma glutamine to regenerate GSH, as cell membranes are impermeable to glutamate. Furthermore under oxidative stress erythrocyte integrity may be compromised and eventually result in haemolysis (Morris et al. 2008 ).
Glutamine metabolism is closely related to the optimal regulation of the HSP response, at both the transcriptional and post-transcriptional level (Xue et al. 2012) . Studies have shown that the HSP-70 (Morimoto and Santoro 1998; Cruzat et al. 2014b; Cruzat et al. 2015) and HSP-27 families are regulated by L-glutamine availability in tissues under stress (Kallweit et al. 2012; Cruzat et al. 2014b ). HSP-27 is thought to bind directly to specific structural proteins in the sarcomeres to protect against denaturation and may eventually reduce cell apoptotic pathway activation. In D r a f t 15 addition, HSP-27 can reduce the uncontrolled activation of the nuclear factor (NF)-kB pathway, attenuating the expression of pro-inflammatory cytokine genes (Perrin et al. 2007; Noble et al. 2008 ). Our results demonstrate that GLN+ALA and DIP supplements were able to increase HSP-27 expression ( Figure 4C ), most likely due to transcriptional activation by HSF-1 ( Figure 4A ).
Previous studies have shown that HSF-1 is activated by intracellular proteins called nutrient sensors, such as Sirtuin 1 , which occurs through the glutamine induced glucosamine biosynthetic pathway, thus leading to the suppression of inflammation, and further increasing HSP responses (Heck et al. 2011) .
Following exercise an increase of plasma CK and MYO is considered a biomarker of cellular leakage, and may suggest cell damage (Malm et al. 2012; Kanda et al. 2014) . In our study an increase of CK and MYO was observed in the bloodstream of CTRL animals. This may indicate exercised-induced cell leakage/muscle damage (Kanda et al. 2014) , which could compromise maximal strength gain (Rahmani-Nia et al. 2014) . On the other hand, L-glutamine containing supplements (GLN+ALA and DIP) reduced CK levels ( Table 2 ). As observed in other studies with aerobic exercise (Petry et al. 2015 ) the HSP response may be regulated by the glutamine-GSH axis, thus causing protection of muscle cells from oxidative stress, damage and death. It is of note that plasma biomarkers of muscle damage were determined one hour after the last exercise session, and not in their peak time, which is usually between 24 to 48 hours after exercise. Interestingly, Baltusnikas et al. (2015) demonstrated that RE based on eccentric contractions induced a significant increase in the muscle efflux of CK during and immediately after exercise. Our study demonstrates the potential of L-glutamine to positively regulate CK levels up until one hour after RE, and therefore the nutritional intervention may help to protect against cell damage.
During high intensity RE muscle contractions, an exponential increase in energy is required causing rapid anaerobic metabolism of phosphocreatine (PCr). In this situation, when PCr resources D r a f t 16 become low (i.e. few seconds), the active muscles increase the synthesis of lactate from pyruvate. In CTRL animals we observed that high intensity RE strongly increased the release of lactate into the bloodstream at maximum load (i.e. 100%, Figure 3) . Although there is no single mechanism that causes fatigue, it could develop as a result of high lactate levels (Finsterer 2012) . Conversely, our results suggest that L-glutamine supplementation may positively regulate plasma lactate (Figure 3) and could potentially protect against fatigue induced by RE training. We suggest that L-glutamine supplementation may contribute to increasing substrate availability for the Krebs Cycle, thus enabling the metabolism of excess pyruvate caused by high intensity RE.
Interestingly, plasma lactate levels did not alter significantly in the ALA group, so L-alanine supplementation may have stimulated its own catabolism in the liver to form glucose, a notion supported by (Felig 1975) and others (Gazola et al. 2007 ) who reported that L-alanine uptake by the liver is an important precursor for key amino acid derived glucose, including glutamine. In fact, high concentrations of plasma glutamine were also observed in animals receiving L-alanine supplementation (Table 2 ) supporting existing literature. In contrast ALA animals did not show an increase of glutamine in the muscle (Table 3) and GS expression ( Figure 4B ) remained unchanged. L-alanine is metabolised via alanine aminotransferase to pyruvate and is rapidly consumed in the Krebs Cycle to generate ATP and glutamate production from 2-oxoglutarate, which in turn produces glutamine (Battezzati et al. 1999; Cunningham et al. 2005; Petry et al. 2014) . Therefore the high plasma glutamine observed in the ALA group could be related to the liver conversion of Lalanine to glutamine. Moreover, in animals supplemented with L-alanine only we observed an increase in the expression of HSP-27 and HSF-1, a result similar to the L-Glutamine supplemented, DIP and GLN+ALA groups, indicating a possible contribution of L-alanine in the HSP response.
Glutamine is classified as a conditionally essential amino acid, commonly supplied by the diet and synthesized from other amino acids when required. Hence, in the present study we did not D r a f t test the nutritional interventions in non-trained animals, since many studies do not support or recommend the exogenous supplementation of L-glutamine in non-athletic conditions (Castell and Newsholme 1997; Rogero et al. 2004; Cruzat et al. 2014a) . The efficacy of L-glutamine supplementation in both athletes and animal models of exercise has also raised controversies, whereby studies with fixed (20-30 g/day) or variable (<1.0 g/kg body wt) oral doses, or supplementation with other macronutrients, such as carbohydrates, did not report similar findings (Castell and Newsholme 1997; Krzywkowski et al. 2001; Bassini-Cameron et al. 2008; Cruzat et al. 2014a ). Here, we found positive results from the nutritional interventions containing L-glutamine, and the interpretation of this data deserves consideration.
Studies have shown that plasma glutamine concentration peaks 0.5 hours after oral ingestion of L-glutamine and returns to baseline levels in less than 2 hours (Rogero et al. 2004; Harris et al. 2012 ). Hence, the rationale for the supplementation protocol used herein was to increase the frequency, with several small doses of L-glutamine supplementation during the day. We believe that this method could more efficiently promote the number of peaks in plasma L-glutamine and consequently enhance glutamine stocks restoration, as well as to avoid the stress promoted by multiple gavages/day. As the supplements were offered in the drinking water, the total amount of amino acids ingested was about 10 times greater than the average doses recommended for humans. This is a limitation of our experimental study, and future works should investigate the dose response.
In conclusion, the current study provides evidence that oral supplementation with Lglutamine, in free or dipeptide form, can restore the glutamine-GSH axis, and provide cytoprotection mediated by HSP-27, thus attenuating biomarkers of cell disruption and damage in rats submitted to high-intensity RE training. Table 1 . Total weight gain, food and fluid intake.
Wistar rats (n = 8 per group) were submitted to a progressive RE training for 6 weeks and orally supplemented with L-alanyl-L-glutamine (DIP), L-glutamine and L-alanine in their free form (GLN+ALA) or free L-alanine (ALA). All supplements were offered in a concentration of 4% in the drinking water for a total period of 21 days before euthanasia. Weight and food intake were monitored three times per week and fluid intake was daily measured. SED and CTRL groups received water. Data expressed as mean ± SEM. Figure 1 . RE training timeline. Adult male Wistar rats were submitted to a RE training protocol, which consisted of a ladder climb of 3 to 6 sets (8-10 repetitions) with progressive weight bearing loads (25% to 100% of body weight) over a 6-week period.
Each exercise session lasted approximately 40 minutes and animals had a 2-minute break between exercise sets. The MCC test was performed after a 2 weeks adaption period (MCC 1), and after 3 weeks of training (before the supplementation period, MCC 2). A final test (MCC 3) was carried out after 7 weeks of training (MCC 3). Figure 1 . RE training timeline. Adult male Wistar rats were submitted to a RE training protocol, which consisted of a ladder climb of 3 to 6 sets (8-10 repetitions) with progressive weight bearing loads (25% to 100% of body weight) over a 6-week period. Each exercise session lasted approximately 40 minutes and animals had a 2-minute break between exercise sets. The MCC test was performed after a 2 weeks adaption period (MCC 1), and after 3 weeks of training (before the supplementation period, MCC 2). A final test (MCC 3) was carried out after 7 weeks of training (MCC 3). 190x142mm (300 x 300 DPI) D r a f t 
